Measurement of drift wave turbulence using multi-probe systems was performed in the Large Mirror DeviceUpgrade linear plasma. We compared a drift wave's two-dimensional (poloidal wave number and frequency) power spectrum with its calculated linear dispersion relation. As a result, a few wave modes that satisfy the linear dispersion relation were observed. Moreover, cascades to non-mode peaks and broadband components that do not satisfy the dispersion relation were identified. Recently, special attention has been given to the nonlinear interaction between drift waves that produces zonal flows and streamers [1, 2] , and experiments in linear and toroidal plasma devices are under progress [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In particular, multi-point measurements using poloidal Langmuir probe arrays have also been performed in the Kiel Instrument for Wave Investigations [3, 4] and Large Mirror Device-Upgrade (LMD-U) linear plasmas to provide the two-dimensional (poloidal wave number k and frequency ω) power spectrum of drift wave turbulence [15] . In this rapid communication, we report the significant finding of the existence of non-mode peaks caused by the cascading of parent modes obeying the drift wave dispersion relation expected from a simulation [16] . We further compare this with the dispersions obtained using multi-probe arrays and the traditional two-point technique.
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Recently, special attention has been given to the nonlinear interaction between drift waves that produces zonal flows and streamers [1, 2] , and experiments in linear and toroidal plasma devices are under progress [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In particular, multi-point measurements using poloidal Langmuir probe arrays have also been performed in the Kiel Instrument for Wave Investigations [3, 4] and Large Mirror Device-Upgrade (LMD-U) linear plasmas to provide the two-dimensional (poloidal wave number k and frequency ω) power spectrum of drift wave turbulence [15] . In this rapid communication, we report the significant finding of the existence of non-mode peaks caused by the cascading of parent modes obeying the drift wave dispersion relation expected from a simulation [16] . We further compare this with the dispersions obtained using multi-probe arrays and the traditional two-point technique.
The experiment at LMD-U was performed under the following conditions: argon pressure of 2 mTorr, rf power of 3 kW, and magnetic field of 0.09 T. The diameter of the LMD-U plasma column is about 100 mm, and the electron density and temperature are about 10 19 m −3 and 3 eV, respectively. The measurement was performed using a 64-channel poloidal probe array, designed to obtain precise poloidal wave numbers [17] . The measuring radius r p is 40 mm, and each tungsten probe tip is 0.8 mm in diameter and 3-mm long. The power spectrum of the ion saturationcurrent fluctuation was obtained by spectral analysis of the spatiotemporal data I(θ, t). Figure 1 shows the power spec-
where, m (= r p k) is the poloidal mode number, and f = ω/2π. Two-dimensional Fourier transformation can determine the poloidal flow direction in the form of the signs of the mode number (when frequency is set to f ≥ 0). A positive mode number corresponds to the electron diamagnetic direction. An average of the results from 300 time windows (each time window is 10-ms long) during discharges was used to refine the power spectrum S (m, f ). There are two distinct features in S (m, f ). First is the presence of some sharp peaks, as seen in Fig. 1 . The strongest peak a occurs at (m, f ) = (1, 2.8 kHz). Linear eigen-frequencies of drift wave instabilities calculated by numerical code analysis [16] are represented by black lines in Fig. 1 . The broken line shows the case with no radial electric field. For the solid line, the uniform rotation is due to an imposed dc radial electric field, the magnitude of which is set by adjusting the peak a to the eigen-frequency. This electric field is within an error-bar of the potential profile measurement by a radially movable probe [15] . The sharp peak at (m, f ) = (2, 3.2 kHz), which is labeled as b, is on this solid line. Therefore, if we assume a as a drift wave mode, b may also be considered a drift wave mode. couplings of the primary modes in turbulent plasmas [18] ; these are called "non-modes" in this paper. The nonlinear couplings among these non-mode peaks and primary modes were confirmed by bi-spectral analysis [12] . The pair of the drift wave modes varies according to different assumptions of radial electric field. However, a and b are likely to be the parent modes because they have sharper spectra compared to other modes (non-mode peaks will have broader spectra than primary modes). In any case, the turbulence consists of two drift wave modes, c, and cascading non-mode peaks. Second, there are broadband fluctuations in the region of f > 10 kHz. These do not satisfy the drift wave linear dispersion relation and are also non-modes. (Note that the frequency of drift waves at larger poloidal mode numbers is limited due to the finite gyroradius effects.) Nonlinear couplings between broadband fluctuations and fluctuation peaks were also confirmed by bi-spectral analysis. Thus, the cascade of energy to the non-mode excitation away from the wave dispersion relation is demonstrated.
In order to quantify these two features, we analyzed the mean poloidal wave number and its spread (see Fig. 2 ).
They are defined in this article as
The mean poloidal wave number shows the presence of several sharp peaks in the low frequency regime. In addition, in the higher frequency region, the mean is a smooth function of the frequency, being fitted ask ∝ ω, which is expected for the cascade to non-modes. This spread is also significant. First, at the sharp peaks in S (m, f ), the spread Δk shows a dip, indicating that the fluctuation has long coherence length at this frequency. Next, in the regime of cascade to non-modes (i.e., f > 10 kHz), the relative spread Δk/k is an increasing function of the mean. Therefore, the spread provides a basis for future quantitative testing of models. We examined the validity of the poloidal wave number that was deduced from two probes separated in the poloidal direction by comparing with the result from the 64-channel probe array. This "two-point estimate" is calculated from the cross power spectrum
* , where subscripts 1, 2 indicate probe number andÎ(θ, f ) is the Fourier transform of I(θ, t). The mean poloidal mode number of the two-point estimate is given by the argument of S 12 divided by θ 2 − θ 1 . As shown in Fig. 2 (a) , thek derived from the 64-channel probe array and the two probes are in fairly good agreement. Two-point estimate calculations may have a large statistical error, particularly for large wave numbers, as is mentioned in the previous work [3] . However, we consider that the averaging of a large number of measurements (up to 300) increased the reliability of the two-point estimate. The deviation of the two-point estimate plotted in Fig. 2 (b) is noisy but similar to the spread Δk obtained in the 64-channel estimate. In summary, we measured drift wave turbulence in a linear plasma using a poloidal probe array, and the observed two-dimensional power spectrum S (m, f ) showed excitation of drift wave modes and cascade to non-mode peaks and broadband components (k ∝ ω). The estimate ofk from a pair of probes was backed up by our results, although it was subject to deviations and statistical variances.
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